Abstract: 2-[(2-Ethoxy-3,4-dioxocyclobut-1-en-yl)amino]propanamide (N-alaninamidoamide of squaric acid ethyl ester) has been characterized structurally and spectroscopically by ab initio calculations and IR-LD spectroscopy of oriented crystals suspended in a nematic liquid crystal. The results are compared with single crystal X-ray structures illustrating the possibilities of this experimental approach to obtaining structural information as well as assigning IR bands.
Introduction
Building on previous spectroscopic and structural studies of some optically active derivatives of amino acids with potential nonlinear optical and electro-optical properties [1, 2] , the crystal structures of a series of amino acid amides of squaric acid [3] [4] [5] [6] [7] [8] and hydrogensquarates [9] [10] [11] [12] have been reported. Structural studies of some C-gα-amidated amino acids (Ile, Val, Thr, Ser, Met, Trp, Gln and Arg) have been performed and compared with their C-α-unamidated counterparts [13] .
These complex molecules represent a new class of compounds with great biological importance. It is known that most mammalian peptide hormones possess a C-α-terminal amide (e. g. calcitonin, gastrin, neurokinins, neuropeptides and their related peptides [14] ). Amidation arises from oxidative cleavage of C-α-terminal glycine-extended prohormones [15] ; its function is not fully understood. In many cases C-α-amides are much more biologically active than the corresponding C-α-terminal free acids, as measured by the potency ratio of a peptide amide to that of the corresponding peptide free acid. Neurocinin A, for example, possesses a potency ratio > 10 000 [16, 17] . In recent years the bioactivity of squaric acid and some derivatives as inhibitors and VLA-4 integrin antagonists, potassium channel openers and matrix metalloprotease-1 inhibitors have been also reported [18] [19] [20] [21] .
Since the protonated forms of amino acid amides are present in the living cell, structural information may be useful in understanding the different biological functions of C-α-amide and C-α-acid peptides. In addition, squaric acid and its optically active amino acid amides crystallize noncentrosymmetrically and are of great interest for nonlinear optical and electro-optical applications.
This work investigates the structure and IR spectrum of 2-[(2-ethoxy-3,4-dioxocyclobut-1-en-yl)amino]propanamide (N-alaninamidoamide of squaric acid ethylester) (Scheme 1) using polarized infrared linear-dichroic (IR-LD) spectroscopy, based on the orientation of guest crystals suspended in a nematic liquid crystal. These data are compared with single crystal X-ray results [8, [22] [23] [24] [25] [26] [27] [28] [29] [30] and theoretical ab initio calculations. The possibilities of this new approach have been demonstrated in a series of peptide systems [8, [22] [23] [24] [25] [26] [27] [28] [29] [30] . [8, [22] [23] [24] [25] [26] [27] [28] [29] [30] . The IR-LD spectroscopy theory and the difference-reduction procedure used for polarized IR spectral interpretation are described in [8, [22] [23] [24] [25] [26] [27] [28] [29] . The method consists in subtraction of IR s (a perpendicular spectrum, resulting from a 90
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• angle between the polarized light beam electric vector and the sample orientation) from IR p (a parallel spectrume, obtained with co-linear mutual orientation). The recorded difference (IR p -IR s ) spectrum divides the parallel (A p ) and perpendicular (A s ) integrated absorbances of each band into positives, originating from transition moments which form average angles with the orientation direction between 0 • and 54.7
• and negatives, corresponding to angles between 54.7
• and 90
• . If the perpendicular spectrum multiplied by the parameter c is subtracted from the parallel one (where c is varied until a band or set of bands are eliminated) then the simultaneous disappearance of bands in the (IR p -cIR s ) reduced IR-LD spectrum means that the corresponding transition moments are co-linear, yielding information regarding the mutual disposition of the molecular fragments.
The position (ν i ) and integrated absorbances (A i ) for each peak were determined by deconvolution and curve-fitting procedures assuming a 1:1 ratio of Lorentzian to Gaussian peak shapes, χ 2 factors within 10 −3 -10 −7 , and 2000 iterations [30, 31] . The means of two treatments were compared by the Student t-test. The experimental IR spectra were acquired and processed by GRAMS /AI 7.01 IR spectroscopy (Thermo Galactic, USA) and STATISTICA for Windows 5.0 (StatSoft, Inc., Tulsa, OK, USA) program packages. Structure optimization was carried out by ab initio Hartree-Fock calculations using the 6-31++G** basis set performed by the Dalton program [32] .
Results and discussion
Theoretical analysis
Gas phase conformational analysis was performed by energy minimization with respect to dihedral angles. Seven conformers were obtained with energy difference (ΔE) minima of 11.2 -0.0 kJ/mol. The predicted parameters listed in Table 1 correspond to the most stable (atom numbering is listed in Scheme 2). The optimized bond lengths and angles (Table 1 ) agree reasonably well with those obtained by X-ray diffraction (Scheme 3) [4] . Comparing the experimental and theoretical values, the atomic distances and angles do not differ by more than 0.067Å and 2.4(1)
• (see Table 1 and Scheme 3).
Scheme 2 Predicted geometry of 2-[(2-ethoxy
However, there is significant deviation between the dihedral angles in the gaseous and solid states. The calculated value of H-N5-C7-C8 of 1.7
• differs from the solid's value of 174.7
• . This deviation may be explained by strong intermolecular interactions in the solid. 
IR-LD spectral data
Due to strong overlap in the NH-and C=O stretching regions ( Fig. 1) split byFermi resonance due to the participation of NH 2 in asymmetric intermolecular interactions. This has been described in detail in [33] ; asymmetric hydrogen bonds of the -NH 2 cause the overtone of its scissoring mode to interact with the ν s NH2 , leading to splitting of the latter peak. The peak at 3352 cm −1 belongs to ν NH . The other two maxima in Fig. 1 Application of the reducing-difference procedure leads to the following results: (i) The elimination of the peak at 1688 cm −1 ( Fig. 2.2 Absorbance / Wavenumber (cm-1) • causing a co-linearity of these transition moments (Scheme 6). These results correlate well with other amides and secondary amines [34] . This experimental confirmation of IR assignments (Table 2) as well as the additional structural information from IR-LD spectral analysis in the solid-state supports the crystallographic data in [4] . 
Conclusion
2-[(2-Ethoxy-3,4-dioxocyclobut-1-en-yl)amino]propanamide (N-alaninamidoamide of squaric acid ethyl ester) has been structurally characterized by polarized IR-LD spectroscopy of oriented crystals suspended in a nematic liquid crystal. Experimental results are compared with theoretical and single crystal X-ray data to demonstrate this approach to obtaining structural information as well as understanding the complicated IR spectra of these compounds.
